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1 Abstract
In this work, we theoretically and experimen-
tally study the conversion from a circularly po-
larized plane electromagnetic wave into a linearly
polarized transmitted one using anisotropic self-
complementary metasurfaces. For this purpose, a
metasurface design operable at sub-terahertz fre-
quencies is proposed and investigated in the range
of 230−540 GHz. The metasurface is composed
of alternating complementary rectangular patches
and apertures patterned in an aluminum layer de-
posited on a thin polypropylene film. The term self-
complementary implies that the pattern is invariant
with respect to its inversion (with some transla-
tion). Our study shows that the translational sym-
metry of the metasurface results in unusual and
useful electromagnetic properties under illumina-
tion with circularly polarized radiation beams. In
particular, alongside with broadband circular-to-
linear conversion, the transmitted wave exhibits a
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frequency independent magnitude, while its polar-
ization angle gradually changes with frequency that
paves the way for new beam-splitting applications.
2 Introduction
Metasurfaces (MSs) are defined as dense two-
dimensional arrays of subwavelength scatterers [1,
2, 3, 4, 5]. Unlike diffraction gratings, MSs behave
as optically thin and continuous sheets supporting
the required distributions of averaged surface cur-
rents [4]. The latter is achieved by designing the
structure of constituent elements, i.e. MS unit cells
containing metal or dielectric scatterers.
Last decade, following a rapid progress in tera-
hertz (THz) wave technologies stimulated by the
development of high-efficiency radiation sources
and detectors [6], a noticeable interest is taken in
THz MSs as a new paradigm in designing high-
performance and compact quasi-optical devices for
radiation manipulation. It is worth noting that the
THz band, whose frequencies extend from 0.1 to 10
THz or in terms of wavelength from 30 µm to 3 mm,
appears to be very convenient from the techno-
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logical standpoint as it enables involving inexpen-
sive photolithographic and other micromachining
techniques of micrometer accuracy for producing
large-area MSs of high quality. Nowadays, the THz
MSs are used as frequency-selective surfaces (FSSs)
[7, 8, 9, 10, 11], perfect absorbers [12, 13, 14, 15],
polarization converters [16, 17, 18, 19], focusing
structures [20, 21, 22, 23], sensors [24], and some
others. FSSs are usually implemented as periodi-
cally patterned single-layer metal sheets of a neg-
ligible thickness. Despite unavoidable reflectance
[25], the advantages of FSSs are in their thin-
ness and relatively simple lithographic fabrication.
FSSs have been of a high interest for a long time
due to applications in microwave resonant beam-
splitters for reflector antennas [26] and transparent
antenna radomes [27]. More recently, FSSs have
been proposed for using as linear-to-circular polar-
ization converters in the microwave [28], terahertz
[16, 17] and optical [29, 30] ranges. The unit cells
of such metasurfaces should be polarized by or-
thogonal components of the incident electric field
equally strong but with a 90° phase shift. This is
usually achieved by mutual detuning of two orthog-
onally rotated resonant scatterers comprising each
unit cell. Alternatively, excitation of two orthog-
onally polarized eigenmodes of the same scatterer
resonating at slightly different frequencies can be
employed [4, 31]. In both approaches the geometry
of the FSS unit cells should be carefully adjusted to
provide equality of magnitudes and ±90° difference
in phases of transmitted waves with orthogonal lin-
ear polarizations at the same frequency. For this
purpose, in most previously reported FSSs a vari-
ation of more than one geometric parameter must
be performed.
Recently, self-complementary metasurfaces have
been shown to have unique and useful electromag-
netic properties[32, 33, 34]. Such MSs are a class
of symmetric FSSs whose metal pattern is identi-
cal to their Babinet-inverted complement. In other
words, with the metal elements replaced by aper-
tures and vice versa, the whole pattern is trans-
formed to itself.
One of the earliest examples of self-
complementary FSSs with a fourfold rotational
symmetry is an isotropic checkerboard FSS[35, 36].
However, square conductors in this structure must
necessarily approach a zero distance between their
perfectly sharp corners, which produce a singular-
ity. Otherwise, there are either electric contacts or
gaps between the conductors, so that the structure
is no more self-complementary and qualitatively
changes its properties [35, 36]. For this reason,
an isotropic and loss-less self-complementary MS
is impractical. This issue was resolved by using
resistive (lossy) isotropic checkerboard FSSs pro-
viding the frequency independent transmittance
of 0.25 (either for linear or circular polarization)
[32]. Later, this property of resistive isotropic self-
complementary MSs was experimentally confirmed
in the terahertz range [37]. Moreover, a THz
switchable quarter-wave plate based on a modified
checkerboard structure was reported[38].
The other type of self-complementary MSs with
a translational symmetry has been studied e.g. in
the works [39, 40, 41]. As opposed to checkerboard
MSs, such structures do not suffer from the prob-
lem of corners and are much simpler in technolog-
ical realization as do not necessitate using suple-
mentary resistive elements in the MS design. It
was theoretically and experimentally shown that
any self-complementary MS of this type can be
used as a linear-to-circular polarization converter
at least at one frequency [34]. The narrowband
[34] and a wideband [33] unit cells have been pro-
posed and experimentally studied in the microwave
range. Unlike other single-layer FSSs optimized
to operate as polarization converters[29, 17, 30],
self-complementary structures provide a frequency-
constant phase difference of ±90° between trans-
mission coefficients of orthogonally polarized plane
waves. This property, granted by the symmetry of
their patterns, drastically simplifies the design of
optically thin polarization converters.
It is worth highlighting that under circu-
larly polarized illumination any self-complementary
MS with a translational symmetry demonstrates
frequency-independent and equal to 1/2 coefficients
of co-polarization transmission (i.e. referred to the
field transfer from the right-handed (RH) or left-
handed (LH) circular polarization (CP) to the same
state: RHCP-to-RHCP or LHCP-to-LHCP)[32].
However, as it will be shown in this work, the cross-
polarization transmission for the circular polariza-
tion, though having a constant magnitude of 1/2,
exhibits a frequency-dependent phase. We theo-
retically and experimentally demonstrate that this
property can be used for circular-to-linear polar-
ization conversion (CP-to-LP) with the output po-
2
larization angle gradually changing with frequency.
For this purpose, we consider a resonant structure
composed of alternating patches and complemen-
tary apertures and further investigate it in the fre-
quency range of 230−540 GHz.
3 Theory
In this section we analytically describe the electro-
magnetic response of an arbitrary anisotropic self-
complementary FSS under illumination with a nor-
mally incident and circularly polarized plane wave.
Let our metasurface have mirror symmetry with
respect to ZX and Y Z planes, where z is the nor-
mal axis. An example of such a FSS pattern to-
gether with the chosen coordinate system is shown
in Fig. 1. Due to the selected symmetry, the trans-
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Figure 1: Self-complementary metasurface with
translational symmetry is illuminated by a right-
handed circularly polarized plane wave propagat-
ing in the normal direction. The linearly-polarized
waves are produced both in transmission and reflec-
tion. Inset shows a single unit cell comprised by a
rectangular patch and a complementary aperture.
mission and reflection matrices for the linearly po-
larized field components in the current basis of x-
and y-polarizations become diagonal[42]:
TLP =
(
tx 0
0 ty
)
; RLP =
(
rx 0
0 ry
)
, (1)
where tx = E
tra
x /E
inc
x , ty = E
tra
y /E
inc
y and rx =
Erefx /E
inc
x , ry = E
ref
y /E
inc
y are the transmission and
reflection coefficients for x- and y-polarization cor-
respondingly. By the assumption of anisotropy,
ty 6= tx. Having determined these coefficients, the
incidence of a wave with arbitrary polarization can
be further analyzed. The same wave can be rep-
resented in the basis of orthogonal linear polariza-
tions (ex,ey) and in the basis (eR,eL) of right- and
left-handed circular ones: E = Exex + Eyey =
EReR + ELeL, where eR = (ex + iey) /
√
2 and
eL = (ex − iey) /
√
2, while ER and EL are the com-
plex magnitudes of a right- and left-handed circular
polarization components. The field components in
(eR,eL) and (ex,ey) bases are related through the
transformation matrix M :(
ER
EL
)
= M
(
Ex
Ey
)
; M =
(
1√
2
−i√
2
1√
2
i√
2
)
. (2)
Without loss of generality, further we consider in
detail only the transmitted wave. The reflected
wave can be analyzed in the same manner. In the
(eR,eL) basis the transmitted wave is calculated as(
EtraR
EtraL
)
= TCP
(
EincR
EincL
)
; TCP =
(
tRR tRL
tLR tLL
)
,
(3)
where tRR and tLL are the co-polar transmission
coefficients for corresponding circular polarizations,
while tRL and tLR are the cross-polar ones. In (3)
TCP represents the transmission matrix referred to
the (eR,eL) basis, which can be found from (1) and
(2) as
TCP = M · TLP ·M
−1
=
( tx+ty
2
tx−ty
2
tx−ty
2
tx+ty
2
)
. (4)
Previously, it was demonstrated that transmission
coefficients of self-complementary MSs for orthog-
onal linear polarizations satisfy the condition[32,
33, 34]: tx+ty=1. Moreover, tx and ty are phase-
shifted by 90◦ at any frequency[33, 34] and both
the transmission phases arg(tx) and arg(ty) take
values in the range from −90◦ to 90◦. There-
fore, the transmission coefficients for linear polar-
izations can be written in the form: tx = cos(φy ±
3
pi/2) exp i(φy ± pi/2) and ty = cos(φy) exp iφy,
where φy is the transmission coefficient phase for
y-polarization. Substituting the last expressions in
(4) yields
TCP =
(
1
2
exp i(pi+2φy)
2
exp i(pi+2φy)
2
1
2
)
. (5)
From (5) it is clearly seen that all magnitudes of co-
polar (tRR, tLL) and cross-polar (tRL, tLR) trans-
mission coefficients are frequency-independent and
equal to 1/2. While the phases of co-polar trans-
mission coefficients are zero at any frequency, the
cross-polar transmission coefficients have equal but
frequency-dependent phases. Though a certain fre-
quency behavior of φy is determined by a unit cell
configuration, the above discussed phases of the co-
and cross-polar transmission coefficients result in
CP-to-LP conversion in transmission. Importantly,
this function is only achievable for the considered
self-complementary MSs with anisotropic patterns
and translational symmetry. Indeed, by substitut-
ing (5) into (3) we obtain
(
Etrax
Etray
)
= M
−1 · TCP ·
(
EincR
EincL
)
=
=
(
1√
2
exp iφ2 cos
φ
2
(
EincR + E
inc
L
)
1√
2
exp iφ2 sin
φ
2
(
EincR − EincL
)) , (6)
where φ=pi+2φy is the phase difference between the
cross-polar and co-polar transmission coefficients.
From (6) one may ensure that when the MS is illu-
minated by a circularly polarized wave, the trans-
mitted one has purely linear polarization with the
magnitude |Etra| = 1√
2
|Einc|. The angle α between
the polarization vector of the transmitted wave and
x-axis equals φ/2 when the incident wave is RHCP
and −φ/2 when it is LHCP. In both cases, the
phase of the transmitted wave is φ/2. It is easy
to demonstrate that the reflected wave is also lin-
early polarized with |Eref| = 1√
2
|Einc|. The phase
shift between the transmitted and reflected waves
is always 90◦, while their polarization vectors are
orthogonal.
4 Simulation and
Experiment
To verify the theoretically predicted electromag-
netic properties of anisotropic self-complementary
metasurfaces illuminated with circularly polarized
plane waves, in this section we introduce the MS
consisting of complementary patches and apertures
and study it numerically and experimentally in the
frequency range of 230−540 GHz. The geome-
try of the structure and the problem is shown in
Fig. 1. From the formulas derived in the Sec-
tion 3, it follows that any anisotropic and loss-
less infinitely thin self-complementary FSS converts
the incident circular polarization into the linear
one. The transmitted linearly-polarized wave has
a frequency-constant magnitude and a polariza-
tion angle, which gradually depends on frequency.
To confirm these properties, we numerically calcu-
lated the transmission and reflection coefficients of
the ideal MS of patches and apertures patterned
in a perfectly-conducting and infinitely thin metal
sheet. The MS was illuminated with a right-handed
circular polarization. The MS unit cell parameters
were chosen from the condition of placing the MS
resonance at 410 GHz: lateral periodicities in x-
and y-direction Px = 170 µm and Py = 280 µm;
widths of strips and gaps Wx1 = Wx2 = 15 µm and
Wy1 = Wy2 = 7.5 µm. The calculated transmis-
sion coefficients of the ideal MS for co- (RHCP) and
cross- (LHCP) polarizations are plotted in Fig. 2(a-
c) with blue solid curves.
Indeed, from Fig. 2(a-b) it is seen that the magni-
tudes of both co- and cross-polar transmission co-
efficients are equal to 1/2 in the whole frequency
range. Fig. 2(c) shows the phases of the transmis-
sion coefficients. The co-polarization phase equals
zero at all frequencies, while the phase of the
cross-polar transmission coefficient is frequency-
dependent and taking on the values from 20◦ to
335◦. To ensure that the transmitted wave is lin-
early polarized, we plotted the inverse axial ratio
(AR−1) in Fig. 2(d) with the blue solid curve. Its
value equals zero that means perfect CP-to-LP con-
version.
At the next step, we have demonstrated the fea-
sibility of the considered MS in the sub-terahertz
range by studying the effects of lossy aluminum as
a material of the metalization pattern and a re-
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Figure 2: Simulated transmission coefficients for the basis of circular polarizations: (a) magnitude of
co-polarization; (b) magnitude of cross-polarization; (c) phases of co- and cross-polarizations. (d) Inverse
axial ratio of the transmitted wave (RHCP illumination).
alistic dielectric substrate. First, we simulated a
free-standing and infinitely thin MS made of lossy
aluminum. The latter was modeled as a medium
with the electric conductivity of 1.5E7 S/m whose
dispersion in the frequency range of interests was
neglected[15]. The simulation results are depicted
in Fig. 3 with the red dashed curves showing that
both co- and cross-polar transmission coefficients
slightly differ from those of the ideal MS. We
found that the magnitude of the co-polar trans-
mission coefficient remains very close to 0.5 (the
difference from the ideal case does not exceed 2%)
while the magnitude of the cross-polar transmis-
sion coefficient exhibits frequency variation within
12%. Therefore, the metal losses substantially af-
fects only the cross-polarization component of the
transmitted wave. In addition, the effect of a finite
thickness of the aluminum pattern was studied. We
considered a free-standing sheet made of lossy alu-
minum with the thickness of 0.4 µm instead of zero
thickness in the previous case. The numerical re-
sults are plotted in Fig. 3 with black dot-dash lines.
It can be seen that increasing the thickness of the
metal pattern only affects the co-polar transmis-
sion.
To consider further a practical realization of our
self-complementary MS, it is to be noted that this
kind of MSs inherently necessitates employing a
dielectric substrate to mechanically support the
MS pattern. For this reason both the effects of
a finite thickness lossy metalization and a dielec-
tric substrate were jointly studied. The 0.4-µm-
thick aluminum pattern was backed by a 10 µm-
thick polypropylene film, exactly as in the exper-
iment described below. The dielectric permittiv-
ity of polypropylene was taken from the work[15]:
 = 2.25 · (1 − i · 0.001). The simulation show
that the presence of the substrate leads to a 66
GHz red shift of the MS resonance relative to the
substrate-free case (410 GHz). To compensate this
shift, we reduced the period Py from 280 to 245 µm.
The unit cell of the simulated self-complementary
MS is shown in Fig. 4(a). In comparison with the
ideal MS (blue solid curves in Fig. 2(a), the prac-
tical substrate-backed MS has considerably differ-
ent properties as indicated with red dash lines in
the same figure. Thus, the difference in the co-
polar transmission coefficient magnitude from the
ideal MS reaches 28%. In contrast, the magnitude
of the cross-polar transmission coefficient is almost
unchanged when the substrate is present (compare
the red dash line in Fig. 2(b) with the black dash-
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Figure 3: Effect of losses and finite thickness
of aluminum pattern on calculated transmission
coefficients for circular polarizations: (a) co-
polarization; (b) cross-polarization.
dot line in Fig. 3(b)). The calculated transmis-
sion coefficients phases are shown in Fig. 2(c). The
cross-polar transmission phase remains frequency-
dependent and covers the range of 20◦−326◦. At
the same time, the co-polar transmission phase rep-
resented by the red dashed curve, takes some de-
viations from zero, while not exceeding 10◦. The
inverse axial ratio AR−1 of the practical MS does
not exceed 0.1 as can be seen in Fig. 2(d).
Previously, the presence of a substrate was found
to violate self-complementarity of the structure[34,
33]. This explains the frequency dependence of the
transmission coefficients appeared when adding the
substrate. However, the increased unit cell capac-
itance between the conductor edges caused by the
substrate can be compensated via increasing the
widths of the inter-edge gaps. In our case this
optimization and subsequent recovery of the de-
sired self-complementary properties was achieved
by adjusting Wx2. The optimized (quasi-self-
complementary) MS unit cell with the gap width
Wx2 = 30 µm is shown in Fig. 4(b). The simu-
lated results are plotted in Fig. 2 with black dash-
dot curves. By comparing these results with those
of the substrate-free MS (black dash-dot curves in
Fig. 3), one can conclude that the performed op-
a) Practical pattern
(self-complementary)
Aluminum
th
b) Practical pattern
(optimized)
Polypropylene
Aluminum
th
Polypropylene
Figure 4: Unit cells of practical metasurfaces of
patches and apertures with self-complementary (a)
and quasi-self-complementary (optimized) (b) pat-
terns.
timization compensates the substrate effect. The
optimized pattern provides the co-polar transmis-
sion coefficient magnitude higher than 0.46 and
the cross-polar magnitude higher than 0.44 in the
whole frequency range of interest. The cross-polar
transmission phase as shown in Fig. 2(c) covers the
range of 20◦−335◦, while the co-polar phase devi-
ates from zero within 4◦. As a result, when the opti-
mized MS is illuminated with a circularly polarized
wave, the transmitted one has almost linear polar-
ization with the inverse axial ratio AR−1≤ 0.08 (a
relative level of the orthogonal linear polarization
is below -21 dB in the whole frequency range). The
numerically calculated properties of the transmit-
ted wave are additionally illustrated in Fig. 5. In
Fig. 5(a) the major and minor axes of the polar-
ization ellipse for a unit magnitude of the incident
RHCP wave are shown. In Fig. 5(b) the angle of the
major axis α with respect to x-direction and the ini-
tial phase of the transmitted wave are plotted. As
expected, the length of the major axis is close to
1/
√
2 (larger than 0.64) and very frequency-stable,
while the length of the minor axis is negligible (less
than 0.04). Interestingly, the angle α and phase
of the transmitted wave are almost equal to each
other and both depend on frequency covering the
range from 8◦ to 168◦ as shown in Fig. 5(b). It
is worth noting that the absorbance, defined as
1−0.5·(|rx|2+|ry|2+|tx|2+|ty|2), in our simulation
does not exceed 13% of the incident power.
In order to verify further the theoretical and nu-
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merical results, the optimized MS was lithographi-
cally fabricated and its complex transmission coef-
ficients were measured in the same frequency range
as in the simulations (see Methods Section for de-
tails). The photographs of the fabricated MS sam-
ple are shown in Fig 6.
The measured co- and cross-polar transmission
coefficients in the basis of circular polarizations
(blue dashed curves) are collated in Fig. 7(a-c).
For comparison, additional numerical simulations
were performed for the optimized MS taking into
account some deviations in MS dimensions from the
nominal values appeared in fabrication (see Meth-
ods Section). The simulation results are shown in
Fig. 7(a-c) with red solid curves. The presented
data demonstrate very good agreement between
measurements and simulations, which predict the
linear polarization state for the transmitted wave.
To prove this, the polarization ellipse parameters of
the transmitted beam derived from the experimen-
tal data are shown and compared to simulations
in Fig. 7(d-f). From the measurements results one
can see that the transmitted wave is mostly lin-
early polarized with a cross-polarization level be-
low 0.08. The transmission coefficient from RHCP
to the main linear polarization is better than 0.61,
while being very stable within the whole range of
frequencies. The polarization vector of the trans-
mitted wave gradually changes with frequency from
8◦ to 167◦ with respect to the x−direction. There-
fore, our experiment confirmed with high accuracy
all the theoretical and numerical predictions.
5 CONCLUSION
In this work, we have clearly demonstrated that
anisotropic self-complementary metasurfaces with
translational symmetry of unit cells illuminated
by a normally incident circularly polarized plane
wave transmits the linear polarization with an al-
most frequency-constant magnitude and the polar-
ization vector, gradually rotating with frequency.
As was concluded from analytical and numerical re-
sults, the transmitted linear polarization originates
from interference of two transmitted circularly po-
larized waves: with co- and cross-polarizations rel-
ative to the incident one. Indeed, the latter were
theoretically and experimentally shown to be of al-
most constant magnitudes, but having a frequency-
dependent phase difference resulted from the sym-
metry of self-complementary patterns. The THz
characterization of the fabricated MS demonstrated
good concordance with theoretical predictions.
It can be concluded that the proposed terahertz
MS consisting of patches and apertures may oper-
ate as an optically-thin CP-to-LP polarization con-
verter with the opportunity to control the polar-
ization angle of the transmitted wave by changing
frequency. On the other hand, the MS produces
in transmission two equally strong circularly po-
larized waves with opposite handedness. Interest-
ingly, the complex transmission coefficient of self-
complementary MSs for the circular co-polarization
does not depend on frequency. And in fact, it is also
independent on the unit cell geometry that repeats
conclusion of the work[32]. However, the phase of
the cross-polarization depends on frequency and on
7
Figure 6: Photographs of the lithographically fab-
ricated MS pattern taken at different optical mag-
nifications (a,b) and appearance of the completed
structure mounted on the holder (c). Subfigure (b)
illustrates the microhillock defect (a bright spot in
the center).
the unit cell geometry. Consequently, the cross-
polarized transmitted beam may be controlled re-
gardless of the co-polarized one. For instance,
a non-uniform and anisotropic self-complementary
MS can be applied in broadband and thin power
splitters with output circularly polarized beams
having opposite handedness but frequency-stable
intensities.
6 METHODS
6.1 Numerical simulation
The full-wave numerical simulations of the MSs
were carried out in commercial electromagnetic
software CST Microwave Studio 2017 with a Fre-
quency Domain Solver. The Bloch-Floquet ports
were set from both sides of a unit cell in z-direction
together with the Unit Cell boundary conditions
applied in x- and y-directions. The complex trans-
mission coefficients in the circular polarization ba-
sis were calculated in the frequency range from 230
to 540 GHz. Since the periodicity in both direc-
tions was smaller than a half-wavelength referred
to the highest frequency, only two zero-order Bloch-
Floquet modes were taken into consideration.
6.2 Fabrication and measurement
To fabricate the experimental prototype of the opti-
mized MS the technology of contact photolithogra-
phy (CPhL) was employed [43, 44]. We specifically
adapted CPhL to flexible solid thin-film polypropy-
lene (PP) substrates, whose industrial production
does not allow obtaining a liquid phase suitable for
posterior film deposition via spin coating. At the
initial fabrication stage a bare 10 µm thick PP film
from GoodFellow manufacturer was metalized from
one side by sputtering a 0.4 µm thick aluminum
(Al) layer over the area of 60× 60 mm using a vac-
uum thermal deposition method. Prior to sputter-
ing, the PP film was treated with a glow discharge
in oxygen atmosphere to improve adhesion of Al to
PP. The MS pattern was fabricated afterwards by
dint of CPhL, as described in [43, 44]. At the final
fabrication stage the PP-backed MS was tightened
onto an annular Al holder with the optical aperture
diameter of 50 mm matched to the experimental
set-up used for spectral characterization. The mi-
crographs of the fabricated MS pattern and the ex-
ternal appearance of the MS prototype are shown
in Fig. 6. It is worth noting that, despite inherent
surface roughness (microgranularity) of commercial
PP films and presence of isolated microhillock de-
fects (see Fig. 6(b)) which cause local metallization
flaking and/or pattern deformation [44], the aver-
age quality of the fabricated MS pattern is esti-
mated to be high: the typical dimension deviation
from nominal values lies within ±0.2 um. Such a
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Figure 7: Comparison of simulated and measured characteristics of the optimized MS under circularly-
polarized illumination: (a-c) magnitudes and phases of transmission coefficients referred to the circular
polarizations basis; (d-f) properties of the transmitted linearly polarized wave. Inset in subfigure (e)
shows orientation of the polarization ellipse.
technological tolerance is acceptable for implement-
ing high-performance PP-based structures operat-
ing in the THz band. It should be noted that due
to stretching the PP film after its tightening onto
the Al holder, the metasurface dimensions slightly
changed. These changes lie within 1% relative to
the nominal (designed) values and the dimensions
were measured to be: Px = 171.5 µm, Py = 247.3
µm, Wx1 = 14.8 µm, Wy1 = 7.4 µm, Wx2 = 30.9
µm and Wy2 = 8.2 µm.
To measure the complex transmission coefficient
S21 of the fabricated sample in the range of 230-
540 GHz, a subterahertz quasi-optical backward
wave oscillator (BWO) spectrometer developed by
the Prokhorov General Physics Institute (Moscow,
Russia) [45] was used. This frequency-domain
(continuous-wave) instrument exploits the arrange-
ment of the dual-path polarizing Mach-Zehnder in-
terferometer shown in Fig. 8. In the presented ar-
rangement the coherent monochromatic THz ra-
diation from a wavelength-tunable BWO passed
through the wavefront-correcting polyethylene lens
L1 and the wire grid polarizer P is emitted into
free space as a diffraction-limited Gaussian beam.
The beam is further split with a wire grid beam
splitter BS1 onto two orthogonally linear polar-
ized THz beams propagating in the different arms
of the interferometer, wherein the examined sam-
ple is placed in the measurement Arm I. Owing
to a beam splitter BS2, the beams gather at the
analyzer A and then interfere in the focal plane of
the lens L2. The interference signal is quantified
with a Golay cell used as a broadband THz detec-
tor combined with a lock-in amplifier operating at
the modulation frequency of 23 Hz. Note, the op-
timal orientation of wires in the wire grid elements
implies that the polarizer P and the analyzer A
are mutually crossed and oriented at 45◦ relative
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the beam splitters BS1 and BS2, whose wires are
also mutually orthogonal (vertical and horizontal,
respectively). In amplitude measurements, only
the measurement Arm I is utilized. In this case
a mechanical obturator (chopper) is applied for 23
Hz shuttering, as required in the lock-in detection
scheme, and the value of |S21|2 is determined as
a ratio of the intensity Isample for the THz beam
passed through the sample to the intensity Ifree reg-
istered without it:
|S21|2 = Isample
Ifree
, (7)
When measuring the transmission phase (φmeas),
both interferometric arms are involved. During
spectral measurements, the optical lengths of the
Arm I and the Arm II are adjusted to maintain
a zero-order interference minimum that is accom-
plished via changing a position of the movable
mirror M2, which is combined with a computer-
controlled longitudinal translation stage and has a
positioning accuracy of 0.5 µm. In this case, the
lock-in detection is realized not with a chopper but
through vibrating the surface of the mirror M1,
which is attached to a loudspeaker membrane os-
cillating at 23 Hz. In the measurement procedure,
when varying the wavelength of the THz beam
emitted by the BWO, the value of φmeas is retrieved
by spectrometer software from a difference in the
automatically recorded positions Xsample and Xfree
of the mirror M2 correspondingly obtained when
the sample is placed in the measurement Arm I
and when it is removed from the optical path:
φmeas = −2pi
λ
(Xsample −Xfree + d), (8)
where d is the sample thickness. Note, the regime
of zero-order interference is recommended as opti-
mal since it eliminates frequency dispersion in the
mirror position in absence of the sample.
Once the complex transmission coefficients in the
linear polarizations basis are measured, the trans-
mission coefficients in the basis of circular polariza-
tions can be evaluated using (4). The axial ratio is
calculated as a ratio between the major and minor
axes of the polarization ellipse of the transmitted
wave and is expressed through the complex magni-
tudes of transmitted electric field components Ex,
Ey as follows [33]:
AR =
√
|Ex|2 + |Ey|2 + |E2x + E2y |
|Ex|2 + |Ey|2 − |E2x + E2y |
, (9)
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